Poliovirus infects susceptible cells through the poliovirus receptor (PVR), which functions to bind virus and to change its conformation. These two activities are thought to be necessary for efficient poliovirus infection. How binding and conformation conversion activities contribute to the establishment of poliovirus infection was investigated. Mouse L cells expressing mouse high-affinity Fc␥ receptor molecules were established and used to study poliovirus infection mediated by mouse antipoliovirus monoclonal antibodies (MAbs) (immunoglobulin G2a [IgG2a] subtypes) or PVR-IgG2a, a chimeric molecule consisting of the extracellular moiety of PVR and the hinge and Fc portion of mouse IgG2a. The antibodies and PVR-IgG2a showed the same degree of affinity for poliovirus, but the infectivities mediated by these molecules were different. Among the molecules tested, PVR-IgG2a mediated the infection most efficiently, showing 50-to 100-fold-higher efficiency than that attained with the different MAbs. A conformational change of poliovirus was induced only by PVR-IgG2a. These results strongly suggested that some specific interaction(s) between poliovirus and the PVR is required for high-level infectivity of poliovirus in this system. Poliovirus (PV), the causative agent of poliomyelitis, is a human enterovirus belonging to the family Picornaviridae, which includes human rhinovirus and foot-and-mouth disease virus (FMDV). These viruses serve as useful models for studying the uncoating process of nonenveloped viruses. A poliovirion consists of a single-stranded RNA genome and a nonenveloped capsid. The precise three-dimensional structure of the virion particle was elucidated from crystallographic studies (18). The nonenveloped capsid consists of 12 pentamers, each of which is composed of five protomers. Each protomer is made up of the three surface proteins, VP1, VP2, and VP3, and the internal protein VP4. Structural investigations suggest that each protomer carries a single attachment site for the PV receptor (PVR) molecule, termed a canyon (41); five protomers for each of 12 pentamers equals 60 PVR binding-site canyons per virion.
Poliovirus (PV), the causative agent of poliomyelitis, is a human enterovirus belonging to the family Picornaviridae, which includes human rhinovirus and foot-and-mouth disease virus (FMDV). These viruses serve as useful models for studying the uncoating process of nonenveloped viruses. A poliovirion consists of a single-stranded RNA genome and a nonenveloped capsid. The precise three-dimensional structure of the virion particle was elucidated from crystallographic studies (18) . The nonenveloped capsid consists of 12 pentamers, each of which is composed of five protomers. Each protomer is made up of the three surface proteins, VP1, VP2, and VP3, and the internal protein VP4. Structural investigations suggest that each protomer carries a single attachment site for the PV receptor (PVR) molecule, termed a canyon (41) ; five protomers for each of 12 pentamers equals 60 PVR binding-site canyons per virion.
PVR, a member of the immunoglobulin (Ig) superfamily with unknown natural functions (26, 34) , is thought to be the only molecule that is involved in the PV uncoating step, although CD44H, an isoform of the lymphocyte homing receptor, is reported to have a possible association with PVR on the cell surface (4, 9, 46) . In the extracellular domains of PVR, the first Ig-like domain is essential for PV binding (27, 44) , and amino acid residues important for PV binding were identified in this domain (1, 3, 36) . At temperatures above 35°C, the interaction between PV and PVR leads to a conformational change of the virion that manifests itself as altered 135S and 80S particles (2, 23, 32, 52, 54) . The 135S particle, sometimes called the A particle, has lost the internal protein VP4 (32) , and the 80S particle has lost the RNA genome and VP4. The rate of virion alteration is higher in higher concentrations of the soluble receptor, as has been reported for human rhinovirus and PV in vitro (2, 19) . This process is not dependent on an acidic environment (12, 52) , nor is PV infectivity blocked by bafilomycin A1, suggesting that PV infection proceeds independently of an acidic environment in cultured cells (38) .
The importance of the 135S particle in the uncoating process has been emphasized by using several experimental approaches: through measurement of the kinetics of virion alteration and release of genomic RNA (13) , through reduction of PV infectivity by some antipicornavirus drugs that prevent conformational alteration of the virion particle (8, 22, 24, 45) , because of the affinity of the 135S particle for liposomes (10) , and because the 135S particle is infectious for nonpermissive cells (5) . These lines of evidence strongly suggest that the 135S particle is an important intermediate in the process of viral uncoating. On the other hand, a strong argument can be made against the importance of the 135S particle. Cold-adapted PV mutants, which can infect and replicate at 25°C, have been isolated (7) . Uncoating of these mutants, therefore, must proceed at 25°C, a temperature that would not support the virion conformational alteration of the 135S particle. This observation suggested that some uncoating pathway other than that via the 135S particle may exist. In fact, the 80S particle is not always derived from the 135S particle (2) . Thus, the PV uncoating pathway is still controversial with regard to its dependency on the 135S particle route. A high particle-to PFU ratio for PV generally presents an obstacle to studying the uncoating process (42) .
In general, PVR binding to PV is accompanied by uncoating activity (1), although a PVR mutant which permits PV type 3 (PV3) binding but not PV infection exists (14) . This inability to separate binding from uncoating makes determination of the importance of PVR binding separate from other activities, such as activity that alters virion conformation, somewhat tricky. In this study, we established mouse L cells that express the mouse high-affinity Fc␥ receptor (FcRI) and showed that PV infection proceeded in the cells in the presence of anti-PV monoclonal antibodies (MAbs) (IgG2a subtype). Furthermore, PVR-IgG2a, a chimeric molecule consisting of an extracellular moiety of PVR and the hinge and Fc portion of mouse IgG2a, mediates PV infection even more efficiently than those MAbs. Our results suggested that PV binding to the cell surface is the minimum requirement for the establishment of viral infection and that some specific interaction(s) between PV and PVR is required to enhance the efficiency of PV infection.
MATERIALS AND METHODS

Cells and viruses.
Mouse L cells were used for preparation of transformant cell lines, and African green monkey kidney (AGMK) cells were used for plaque assay and preparation of PV. These cells and mouse L-cell transformants, i.e., L␣, LmFcRI, and LpCI-neo cells, were propagated in Dulbecco modified Eagle's medium (DMEM) supplemented with 5% newborn calf serum (NCS). L␣ and LmFcRI cells express human PVR␣ and the mouse high-affinity Fc␥ receptor ␣ subunit (FcRI), respectively. LpCI-neo cells were used as a control for LmFcRI cells and carried only the plasmid vector pCI-neo. These transformant cells were used for virus infection and virus binding assays. Suspension-cultured HeLa S3 cells were grown in RPMI 1640 medium supplemented with 5% NCS and used for preparation of PV. Sf9 cells were propagated as a monolayer or suspension culture in TC-100 medium supplemented with 10% fetal calf serum. For purification of recombinant PVR-IgG2a protein, Sf9 cells infected with recombinant baculovirus were cultured in serum-free medium (EX-CELL 400; JRH Biosciences).
The Mahoney strain of PV1 was recovered from AGMK cells transfected with an RNA transcript of an infectious cDNA clone, PV1(M)OM (47) . This PV1 suspension was used as an inoculum to prepare [
35 S]methionine-labeled or unlabeled PV1 as described previously (2) . Recombinant baculovirus designed to express PVR-IgG2a was constructed by using Bac-to-Bac Baculovirus Expression Systems (Gibco BRL).
DNA procedure. A cDNA of mouse FcRI was prepared from mRNAs of J774 cells by reverse transcription-PCR (RT-PCR) by using SuperScript II reverse transcriptase (Gibco BRL) and EX-Taq polymerase (Pharmacia Biotech) with the sense primer 5ЈTGGCACGCGTGCCATGATTCTTACCAGCTTTGGAG A3Ј and the antisense primer 5ЈCTCTCCCGGGAGAGTTGCATGCCATGGT CCCACA3Ј (the MluI and SmaI sites are underlined). The PCR product, after digestion with MluI and SmaI, was inserted into the corresponding sites of mammalian expression vector pCI-neo (Promega), in which expression of FcRI cDNA was under the control of the cytomegalovirus (CMV) promoter. The resulting plasmid was designated pmFcRI-neo. The nucleotide sequence of the cDNA was coincident with that registered in GenBank. Mouse L cells were transfected with plasmid pmFcRI-neo or pCI-neo by using DOTAP Lipofectin reagent (Boehringer Mannheim), and cells resistant to 0.6 mg of G418 (Sigma) per ml were chosen. Cells carrying pmFcRI-neo and pCI-neo were designated LmFcRI and LpCI-neo cells, respectively.
PVR-IgG2a is a chimeric molecule in which the extracellular moiety of human PVR is joined to the hinge and Fc region of mouse IgG2a. For construction of PVR-IgG2a cDNA, a cDNA of the hinge and Fc region of mouse IgG2a was prepared from hybridoma cells expressing mouse IgG2a by RT-PCR, using the sense primer 5ЈGCTCCGGATCCGGAGCCCAGAGGGCCCACAAT3Ј and the antisense primer 5ЈATGATCTAGATCATTTACCCGGAGTCCGGGAG3Ј (the BamHI and XbaI sites are underlined). The PCR product was joined to the cDNA of PVR containing all three Ig-like domains (PVR330 in reference 2) at the BamHI site and, after digestion with BglII (at the 5Ј side of PVR cDNA) and XbaI (at the 3Ј side of IgG2a), cloned into the corresponding site of plasmid vector pCI-neo. The resulting plasmid was treated with BglII and NotI to obtain PVR-IgG2a cDNA, and the cDNA fragment was inserted in the BamHI and NotI sites of plasmid pFastBac of Bac-to-Bac Baculovirus Expression Systems (Gibco BRL). According to the nucleotide sequence of PVR-IgG2a cDNA, five extra amino acid residues, SSPDP, are inserted at the junction of PVR and IgG2a.
Purification. Crude PVR-IgG2a was prepared from culture supernatants of recombinant baculovirus-infected cells at 70 h postinfection (p.i.) and applied to a protein A-Sepharose 4B column (Pharmacia Biotech). PVR-IgG2a was eluted with 0.1 M sodium (pH 5.0), neutralized by the addition of 1 M Tris-HCl (pH 7.4), desalted over a PD-10 column (Pharmacia Biotech) in phosphate-buffered saline (PBS) (10 mM phosphate buffer [pH 7.0], 137 mM NaCl, and 2.6 mM KCl), and stored at Ϫ80°C. The purity of the protein was examined by subjecting PVR-IgG2a samples with or without 1% ␤-mercaptoethanol to sodium dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis followed by silver staining (Silver Stain II kit; Wako) or Western blot analysis with anti-PVR MAb 5D1 (a generous gift from J. Aoki). About 0.4 mg of purified PVR-IgG2a was obtained from 5 ϫ 10 8 Sf9 cells infected with the recombinant baculovirus. The concentration of PVR-IgG2a, regarded as a dimer form like an IgG, was determined by measuring the absorbance at 280 nm as described previously (37) and was further confirmed by Western blot analysis with a rabbit anti-mouse IgG Fc antibody (O.E.M. Concepts) followed by quantification with a Molecular Imager (BioRad) as described previously (2) .
PV1 was prepared from cytoplasmic extracts of suspension-cultured HeLa S3 cells infected with PV1 at 7 h p.i. and purified as described previously (2). The 135S particle was prepared from purified PV1 in two different ways. One method involved soluble PVR. Purified PV1 particles (3.2 ϫ 10 Ϫ9 M) were mixed with 1.32 ϫ 10 Ϫ6 M soluble PVR (PVR330 in reference 2) and incubated at 37°C for 1 h. Conversion of 160S intact PV1 particles to 135S particles was confirmed by sucrose density gradient centrifugation. The other method involved use of a hypotonic buffer containing 20 mM Tris-HCl (pH 7.5), 2 mM CaCl 2 , and 0.1% Tween 20 (5) . Purified PV1 particles in the hypotonic buffer were heated at 50°C for 3 min (5). Complete conversion of the PV1 particles was confirmed as described above. After either of these two treatments, bovine serum albumin (BSA) was added to the mixtures to a final concentration of 1%, and the samples were stored at Ϫ80°C.
MAbs. Mouse anti-PV1 MAbs 7m012, 7m039, Mah 45i, and Mah 49e were used as possible mediators for PV1 infection of LmFcRI cells. All of the MAbs are IgG2a. The first two MAbs are able to bind PV1 but do not neutralize PV1. The latter two neutralize PV1 and have different epitopes. Anti-PVR MAbs p286 and p403 (53) , which have the ability to block PV infection, were employed to inhibit conformational change of PV1 by PVR-IgG2a. These MAbs were purified from mouse ascites fluid by the method used for purification of PVR-IgG2a. The concentration of purified IgG2a was determined by measuring absorbance at 280 nm, where 1.35 optical density units was regarded as 1.0 mg of protein (15) .
PV infection assay. PV1 infection mediation activities of anti-PV1 MAbs and PVR-IgG2a were examined by using PV1 at concentrations of 1.3 ϫ 10 Ϫ12 to 1.3 ϫ 10 Ϫ10 M (9.6 ϫ 10 7 to 9.6 ϫ 10 9 virions) and mediators at concentrations of 1.3 ϫ 10 Ϫ10 to 1.3 ϫ 10 Ϫ7 M. The cells (4.0 ϫ 10 4 ) were cultured on an eightchamber glass slide (Nunc). After addition of the mixture of PV1 and anti-PV1 MAb or PVR-IgG2a, the cells were incubated at 37°C for 1 h, washed twice with PBS, and further incubated at 37°C for 7 h in DMEM containing 5% NCS. At 8 h p.i., cells were fixed with 3% paraformaldehyde in PBS and subjected to indirect immunofluorescence study. The infectivity was calculated by counting cells carrying fluorescein isothiocyanate (infected cells) and propidium iodide (total cells) by using NIH Image 1.60.
PV binding assay. Anti-PV1 MAbs or PVR-IgG2a (6.5 ϫ 10 Ϫ10 M) was mixed with [
35 S]methionine-labeled PV1 (adjusted to 1.3 ϫ 10 Ϫ12 to 1.3 ϫ 10 Ϫ10 M by the addition of unlabeled PV1) in PBS containing 1% BSA and incubated at 4°C overnight in the presence of 5 l of protein G-Sepharose FF gel (Pharmacia Biotech) in a total volume of 120 l. The mixture was centrifuged at 8,200 ϫ g for 10 s, and the supernatant was removed. After two washes with ice-cold PBS, the radioactivity associated with the gel fraction was measured in a liquid scintillation counter.
PV1 binding to LmFcRI cells mediated by anti-PV1 MAbs or PVR-IgG2a was examined as described below. In the presence or absence of anti-PV1 MAbs or PVR-IgG2a, 2 ϫ 10 5 LmFcRI or LpCI-neo cells were incubated with [ 35 S] methionine-labeled PV1 (3.0 ϫ 10 Ϫ11 M) at 37°C for 1 h. The cells were washed five times with DMEM containing 5% NCS and then collected by adding 0.2 N NaOH and 1% SDS. The radioactivity associated with the cells was measured in a liquid scintillation counter.
Rosette assay. Bovine erythrocytes coated with rabbit IgG (Funakoshi) were incubated with LmFcRI or LpCI-neo cells at 37°C for 4 h (6, 43), and the cells were observed for rosette formation with a microscope.
Indirect immunofluorescence. To detect FcRI molecules on the surfaces of LmFcRI cells, the cells were treated with mouse IgG2a (21 g/ml) at 4°C for 45 min and then with goat anti-mouse IgG conjugated with fluorescein isothiocyanate as previously described (6) . For PV infection assay, the fixed cells were incubated with rabbit anti-PV1 hyperimmune serum (1:100 dilution in PBS containing 1% BSA) at 37°C for 1 h. After three washes with PBS, goat antirabbit antibody conjugated with fluorescein isothiocyanate (1:200 dilution) (MBL) and 5 g of propidium iodide (Sigma) per ml were added to the cells and further incubated at 37°C for 20 min. The samples were observed with a confocal scanning laser microscope (MRC-1024; Bio-Rad).
Gel filtration. Purified PVR-IgG2a was analyzed by gel filtration on Superdex 200 PC3.2/30 (Pharmacia Biotech) in PBS with a SMART System (Pharmacia Biotech). A low-and high-molecular-weight gel filtration calibration kit (Pharmacia Biotech) was used to estimate molecular masses according to the instructions of the manufacturer.
Sucrose density gradient centrifugation. PV1 (8.3 ϫ 10 4 cpm, adjusted to 1.3 ϫ 10 Ϫ10 M by the addition of unlabeled PV1) and anti-PV1 MAbs or PVR-IgG2a were incubated with LmFcRI cells at 37°C for 1 h, and then the cell culture supernatants were layered on a 5 to 25% sucrose density gradient and centrifuged at 41,000 rpm for 45 min at 4°C in a Beckman SW55Ti rotor as reported previously (11) . The radioactivity in each fraction was measured in a liquid scintillation counter.
RESULTS
Fc receptor-mediated infection of PV.
Abortive infection has been reported to result from infection with antibody-complexed PV that is mediated by the low-affinity Fc receptor (33) . Here, we examined the high-affinity Fc receptor to determine its contribution to establishment of PV infection. For this pur-pose, mouse L cells stably expressing mouse FcRI under the control of the CMV promoter were established and designated LmFcRI cells as described in Materials and Methods. The expression of mouse FcRI was confirmed by detection of the mouse FcRI mRNA by RT-PCR (data not shown), by performing a rosette assay with bovine erythrocytes sensitized with rabbit IgG (Fig. 1A and B) , and by using indirect immunofluorescence of mouse IgG2a bound to LmFcRI cells (Fig. 1C and D). Rosetting of IgG-sensitized erythrocytes was seen on all of the LmFcRI cells (Fig. 1A) but not on control LpCI-neo cells (Fig. 1B) . Similarly, fluorescence was detected only on LmFcRI cells (Fig. 1C) and not on LpCI-neo cells (Fig. 1D ). This fluorescence was not visible when mouse IgG2a was omitted (data not shown). These results strongly suggested that FcRI molecules exist on the surfaces of LmFcRI cells. LmFcRI cells or control LpCI-neo cells were challenged with PV1 in the presence or absence of anti-PV1 binding MAb 7m012 (Fig. 2) . At 8 h p.i., cells were stained by using rabbit anti-PV1 hyperimmune serum. As shown in Fig. 2, PV1 antigens were detected in LmFcRI cells challenged with PV1 in the presence of MAb 7m012 but not in LpCI-neo cells under the same conditions. PV1 antigen detection appeared to be a result of the presence of MAb 7m012, and infectious PV1 was recovered from LmFcRI cell cultures that showed PV1 antigens (data not shown). Thus, PV1 infection seemed to depend on both the anti-PV1 MAb and the high-affinity Fc receptor.
Purification of PVR-IgG2a. To examine the PVR effect on the efficiency of PV1 infectivity, PVR-IgG2a, a chimera of the extracellular moiety of PVR and the hinge and Fc portion of mouse IgG2a, was prepared as described in Materials and Methods, and its PV1 infection mediation activity was compared with those of anti-PV1 MAbs. The purified extracellular portion of the PVR can change the PV1 conformation from an intact 160S particle to 135S and 80S particles (2) . Migration of PVR-IgG2a on SDS-polyacrylamide gels, as visualized by silver staining and Western blotting, occurred as a single band (Fig.  3A) . Although the calculated molecular mass of PVR-IgG2a was 60 kDa, PVR-IgG2a migrated to a position of 78 or 145 kDa under reducing or nonreducing conditions, respectively (Fig. 3B) . These data indicate that the PVR-IgG2a was highly purified, that the PVR-IgG2a obtained is glycosylated, and that PVR-IgG2a, like IgG, exists as a homodimer form that is linked together by disulfide bonds under nonreducing conditions.
The molecular mass of PVR-IgG2a also was determined by gel filtration (see Materials and Methods). As shown in Fig.  3C , PVR-IgG2a was detected as a single peak at 284 kDa, with a Stoke's radius of 56.2 Å (Fig. 3C ). Because mouse IgG2a, which is a dimer form in PBS, was eluted at 120 kDa (Fig. 3D) , it is possible that PVR-IgG2a exists as a tetramer in PBS. infected with PV1 in the presence of these mediators under the conditions described in the legend to Fig. 4 , and indirect immunofluorescence of the infected LmFcRI cell cultures was observed at various times after infection (Fig. 4) . With all of the mediators, the populations of cells that carry the viral antigen were first seen at 4 h p.i. and appeared to reach a plateau at 8 h p.i. (Fig. 4) . Accordingly, the PV infection mediation activities of these molecules were compared further at 8 h p.i. as described below.
A comparison of the PV infection mediation activities of anti-PV1 MAbs and PVR-IgG2a was performed as described in Materials and Methods. Experimental conditions that gave maximum infectivity were different for individual mediators (Fig. 5) . Under the optimal conditions for mediating PV1 infection, the neutralizing MAbs showed subneutralizing activities against PV1, and Mah45i and Mah49e showed a PV1 titer that was reduced, respectively, by about 2 and 1 log 10 units (data not shown). PV1 infectivity also varied for the mediators, and PVR-IgG2a was the most effective mediator under any conditions used. With PVR-IgG2a, approximately 80, 70, and 18% of the cells were infected under optimal conditions in the presence of 9.6 ϫ 10 9 , 9.6 ϫ 10 8 , and 9.6 ϫ 10 7 virions, respectively (Fig. 5) . These data indicated that 3.0 ϫ 10 5 , 3.4 ϫ 10 4 , and 1.3 ϫ 10 4 virions per cell were necessary for PV1 infection mediated by PVR-IgG2a under optimal conditions, as shown in Fig. 5A , B, and C, respectively. Considering the virion number per cell, the MAb-mediated PV1 infections were 50-to 100-fold lower than that mediated by PVR-IgG2a ( Fig. 5B and C) . PV1 infection of mouse L␣ cells, which express PVR molecules on the cell surface, requires about 1.7 ϫ 10 3 virions per cell (data not shown); consequently, the amount of virus per cell calculated from the data shown in Fig. 5 was significantly greater than that required for PV1 infection of L␣ cells.
Affinity of anti-PV1 MAbs and PVR-IgG2a for PV1. The efficiency of PV1 infection may be determined by the PV1-binding activities of anti-PV1 MAbs and PVR-IgG2a. To test this possibility, the binding of these molecules to PV1 was measured by using protein G-Sepharose, as described in Materials and Methods. As shown in Fig. 6A , for PV1 concentrations in the range of 1.3 ϫ 10 Ϫ12 to 1.3 ϫ 10 Ϫ10 M, 20 to 50% of the PV1 was retained in the gel by binding to any of the test molecules. The data suggested that there was not much difference in the MAb-and PVR-IgG2a-mediated affinities of PV1 to protein G (Fig. 6A) . PV1 binding to LmFcRI cells mediated by MAbs and PVR-IgG2a was also examined (Fig. 6B) . LpCIneo cells were used as a control. The amount of PV1 bound to LmFcRI cells represented about 5 to 10% of the total PV1. Thus, through these molecules similar amounts of PV1 bound to the cell surface, yet the relative affinities of PV1 for the cells mediated by MAbs and PVR-IgG2a appeared to be different from those for the protein G gel (Fig. 6 ). These differences may reflect a difference in the binding mode (i.e., divalent or monovalent binding to a virion) or in the orientation of MAbs bound to the virion, which would influence the accessibilities of the Fc binding proteins. In any event, the results indicated that the observed difference in PV1 infectivities mediated by MAbs and PVR-IgG2a arose from some interaction other than their binding to PV.
Conformational change of the PV particle. Uncoating of PV1, that is, release of the RNA genome, is essential for establishment of the viral infection. Uncoating should be accompanied by a PV1 conformational change from the intact 160S particle to 135S, 80S, or other forms of PV1-related particles. The MAbs used in this study may have an activity that induces the conformational change of the PV1 particle. Accordingly, the conformational change of PV1 was examined after treatment of PV1 at 37°C for 1 h under the conditions which gave maximum infectivity, as shown in Fig. 5A , and the forms of PV1-related materials recovered from the cell culture supernatants were analyzed by sucrose density gradient centrifugation (Fig.  7A) . As expected, PVR-IgG2a changed the PV1 particle conformation from 160S to 135S and 80S, and VP4 released from the virion was observed at the top of the gradient. Some MAbs changed the 160S intact virion particle to materials with lower sedimentation coefficients. These changes, however, appeared not to be due to conformational changes to the 135S particle, because free VP4 was not detected at the top of the gradient. The shift of the peak may have been caused merely by binding of MAbs to PV1. Part of the PV1-related materials sedimented at the bottom of the gradient, which probably was the result of aggregate formation caused by binding of PV1 to the MAb. This phenomenon was especially obvious for PV1 treated with MAb Mah45i (Fig. 7A) .
To confirm the above results, the peak fraction of each gradient was treated with 1% SDS and then subjected to the sucrose density gradient analysis again. Intact PV1 particles are resistant to 1% SDS, and 135S particles are not (13) . As shown in Fig. 7B , the sedimentation coefficients of PV1 treated with MAbs were 160S, and therefore, the treatment did not affect the conformation of the virion particle itself. Probable decomposition of aggregated virions was observed in the case of PV1 treated with Mah45i. The peak fraction produced by PVR-IgG2a shifted to the top fraction with this treatment (Fig.  7B) , indicating that the PV1-related material in this fraction was the 135S particle. Thus, a conformational change in PV1 to the 135S particle was observed only for PV1 treated with PVRIgG2a. Anti-PVR MAbs p286 and p403 inhibited the PVRIgG2a-mediated conformational change in PV1 to the 135S particle, and the virion retained full infectivity in HeLa cells after the incubation (data not shown), suggesting that PVRIgG2a binds PV1 in the same way as natural PVR.
Infectivity of 135S particles in LmFcRI cells. The establishment of PV1 infection mediated by PVR-IgG2a may be due to the induction of 135S particle formation by PVR-IgG2a (5). Accordingly, the infectivity of the 135S particle in LmFcRI cells was examined. The 135S particles were prepared by two methods as described in Materials and Methods. However, infectivity of the 135S particle (equivalent to about 9 ϫ 10 9 virions) prepared by either of the two methods was not detectable by indirect immunofluorescence with LmFcRI cells (data not shown). The PVR-IgG2a-induced 135S particle may still retain PVR-IgG2a molecules on the particle in a solution, and such complexes may show infectivity in LmFcRI cells. However, the infectivity of 9.6 ϫ 10 9 virions of PV1 to LmFcRI cells in the presence of 1.3 ϫ 10 Ϫ8 M PVR-IgG2a was decreased by 30-fold by preincubation with the same concentration of PVRIgG2a at 37°C for 1 h (Fig. 8) . These results suggested that PV1 infection of LmFcRI cells mediated by PVR-IgG2a depends on a PVR-mediated process but not on infectivity of the 135S particle in cell culture supernatants.
DISCUSSION
An enhancement of viral infectivity that was dependent on antibody was first reported for some viruses which belonged to the Flaviviridae (16), Getah virus of the Togaviridae (16), and rabbitpox virus (Poxviridae) (17) . These were followed by reports for feline infectious peritonitis virus (Coronaviridae) (51), rabies virus (Rhabdoviridae) (25) , and mouse CMV (Herpesviridae) (21) (reviewed in reference 39) and later FMDV (Picornaviridae) (33) . In contrast to the efficient antibody-dependent infection of FMDV, PV1 infection of CHO cells expressing the low-affinity Fc␥ receptor (FcRII-B2) was not mediated by anti-PV1 antibody (33) . Thus, some other functions of PVR beyond its binding activity were possibly essential for PV1 infection, perhaps at the step of uncoating. In this study, we established mouse L cells that stably expressed mouse high-affinity Fc␥ receptor (FcRI), and we showed that PV1 could infect originally nonsusceptible mouse L cells through the Fc receptor in the presence of anti-PV1 MAbs. Mouse FcRI is the high-affinity Fc␥ receptor among the three classes of receptors and is specific to the monomeric mouse IgG2a molecule, with a K d of 2.0 ϫ 10 Ϫ8 M (35, 43, 50) , whereas FcRII is the low-affinity Fc␥ receptor with a specificity covering a broad range of IgGs, including IgG1,-2a, and -2b, to form immune complexes (49) . FcRI and FcRII are also different in structure and in the way that they recognize IgG. FcRI contains three extracellular Ig-like domains, and FcRII contains two extracellular domains (30, 40, 43) . The specificity and high affinity of the mouse FcRI to monomeric IgG2a are regulated by the third extracellular domain (20) . Although how these two Fc receptors play roles in different ways in PV1 infection is not known, a difference in antibody affinity for the receptor possibly determines the efficiency of PV1 infection. A low affinity between the Fc receptor and an antibody would decrease the chances of PV1 staying on the cell surface and might result in inefficient uncoating.
The PV infectivity in LmFcRI cells depends on the concentration of the anti-PV1 MAbs and PVR-IgG2a, and different concentrations of PV1 require different concentrations of MAbs or PVR-IgG2a for optimum conditions (Fig. 7) . Thus, the optimum conditions for infection appeared to depend on the combination and concentration of each of the components involved in PV1 infection. A conformational change of PV1 was only observed with PVR-IgG2a (Fig. 7) , and PVR-IgG2a was the most effective of the tested mediator molecules (Fig.   5 ). The affinity between PV1 and MAbs was of the same order as the affinity between PV1 and PVR-IgG2a (Fig. 6) , so the observed difference in PV1 infectivity between these molecules seemed to be rooted in another interaction; perhaps it involves virion alteration activity rather than the binding activity.
Both binding and neutralizing antibodies mediated PV1 infection, albeit inefficiently. This binding, therefore, satisfies at least the minimum interaction required for PV1 infection of cells in this system. This observation suggests that a very subtle conformational alteration is involved in the uncoating process, like virion breathing of PV1 (29, 31) , although it is also possible that the presumed recycling of Fc receptors could bring PV1 into the cell and that some of them somehow release RNA into the cytoplasm via an abnormal route. The PVR may affect PV1 structure in a way that results in an interaction with the cell surface membrane to begin the uncoating process. Infectivity of the 135S particle was not detected in this study, suggesting that an essential interaction between PV1 and the cell surface probably occurs during the process of conformational change to the 135S particle. This notion is supported by the following; infectosome formation was proposed for the uncoating of human rhinovirus (28) , ion channel formation by PV1 may be a result of a direct interaction of the capsid protein with the plasma membrane lipid bilayer (48) , and the cold-adapted phenotype of PV1 mutants suggests that virion conformational alteration to the 135S particle is not an essential event for the uncoating process (7). It should be noted that the assay used for Fig. 7 is not sensitive enough to detect the alteration of only 1% of the virion particles. Therefore, we were not able to exclude the possibility that MAbs induced similar conformational changes to PVR-IgG2a at very low efficiencies.
Comparison of PV1 infectivity mediated by PVR-IgG2a with that mediated by native PVR expressed on the cell surface showed that the efficiency of PVR-IgG2a-mediated PV1 infection in LmFcRI cells is 10-to 200-fold lower than that observed in L␣ cells (Fig. 5A and C) . The difference in the infectivity observed between PVR-IgG2a-mediated infection and PVRmediated infection may arise in part from abortive production of the altered particles. Direct infection of LmFcRI cells with the 135S particle was not observed (data not shown). Production of 135S particles in an improper location would result in abortive infection. Indeed, in PVR-IgG2a-mediated infection, the virion alteration could occur in solution, apart from the cells, whereas in the case of PVR-mediated infection, virion alteration would be membrane limited, occurring within or at the surface of the cellular membrane. The distance between PV bound to the PVR moiety and the cellular lipid bilayer is possibly different in the two infection systems. This also would cause different efficiencies of PV infection. Virus production activities may not be affected by using mediators such as MAbs and PVR-IgG2a, because the virus titer per infected LmFcRI cell appeared to be similar to that per infected L␣ cell.
PVR-IgG2a apparently assumes a tetrameric form in solution, in contrast to the dimer form of IgG antibodies. The PVR moiety of the PVR-IgG2a molecule may have an affinity for itself, although soluble PVR apparently did not show a dimeric form (2) . This structural difference between PVR-IgG2a and anti-PV1 MAbs may influence the interaction with the Fc receptor on the cell surface, although the affinities between the cells and PV1 mediated by these molecules seemed to be similar (Fig. 6B) . Elucidation of the molecular mechanisms of PV1 uncoating will help us to understand the early events of PV1 infection. The PV1 infection system established in this study should provide new insights into the uncoating process of this nonenveloped virus. 
